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ABSTRACT

Aerospace drive systems are required to survive a loss-of-

lubrication test for qualification. In many cases emergency lubri-

cation systems need to be designed and utilized to permit the drive

system to pass this difficult requirement. The weight of emer-

gency systems can adversely affect the mission capabilities of the

aircraft. The possibility to reduce the emergency system weight

through the use of mist lubrication will be described. Mist lubri-

cation involves the delivery of a minute amount of a lubricant as

a vapor or fine mist in flowing compressed air to rubbing sur-

faces. At the rubbing surface, the vapor or mist reacts to form a

solid lubricating film. The aim of this study was to establish a

baseline for gear behavior under oil depleted conditions.

A reactive vapor-mist lubrication method is described and pro-

posed as a candidate emergency lubrication system.

INTRODUCTION

The capability of aerospace gearboxes to operate in an emer-

gency, or loss-of-lubrication situation is of extreme importance.

In aviation applications the main rotor gearbox is required to

operate for at least a 30-minute period during the emergency or

main lubrication system failure mode. To operate successfully

for this period of time, an emergency lubrication system may be

required. When a separate system is required, the aircraft perfor-

mance suffers from lost payload due to the additional systems

weight. During the qualification testing of an aviation gearbox

the emergency is simulated by draining the primary, lube system

while the gearbox is operating thusly initiating the start of the

test. The gearbox successfully passes this requirement when a

scripted emergency flight scenario (rotational speed, torque, and
time at these conditions) is completed by the gearbox.

One of the reasons that some aviation gearboxes require special

emergency lubrication systems is due to the general design

philosophy to minimize the weight of the drive system without

adversely affecting its structural strength. The gear-shafting sys-

tems for these applications typically have the gear teeth and rim
connected to the shaft via thin webs. With this design philosophy

the ability for the components to store and disperse heat created

by the drive system is very minimal.

Idler gears can be especially susceptible to thermal problems. The

gear teeth on idler gears engage twice and endure two thermal

pulses per revolution, one on each side of the tooth separated by
one half of a revolution. The idler has twice as much heat per

revolution as an input or output gear in the gear train. Multiple

engagements also occur in a planetary gear train where the sun

gear typically has multiple thermal pulses per revolution as do

the planet gears.

The pitch line speed of the gearbox affects the ability of the gear-
box to survive a main lubrication system failure for a 30-minute

period. The speed of the gear train affects the heat that is gener-

ated due to normal sliding action of meshing gears. The heat
created due to this mechanism is also greatly affected by the

friction in the lubrication-starved contacts once the primary

lubrication system has failed.

The emergency capability of the drive train is traditionally

attained through an expensive trial-and-error approach that is usu-

ally determined long after a given design has already been

chosen. This complicates the final design and has a severe impact
on the costs to achieve success, especially if major modifications

to the design are necessary.

A minimal amount of information on prior work in this area of

study is available in the open literature. This is due in part to the

proprietary nature of most studies. Some studies have been
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publishedsuchasTownsendetal.,1991,howevertheamountof
informationavailablehasbeenlimited.A recentstudyshowed
thatspecialcoatingsandethyl-glycolcoolantusedtogetherwere
successfulandfarexceededtheminimumrequiredtimeneces-
sarytopassaqualifyingtest(MaretandVarailhon,1999).

Theobjectiveofthisworkistoinvestigatetheoperationofasingle
meshtestgearboxin emergencyor loss-of-lubrication
environment.Severaltestswereperformedusingthesynthetic
lubricantusedin thenormallubricationsystemoperationto
establishabaselinefor eventualcomparisonwithorganophos-
phatemisttests.Thebaselinetestsinvolved:(1)thesteadystate
operationofaspurgearboxundernormallubricatingconditions
whichconsistedof acirculatingsupplyofgearoil,(2) primary
lubrication system shutdown to the gearbox simulating a loss of

oil operation, and (3) continued operation of the oil depleted gear-

box for an extended period. Temperatures measured during test-

ing are reported. At test conclusion, the gear teeth were inspected

visually and then examined using X-ray photoelectron spectros-

copy (XPS). These results are reported in this paper.

EMERGENCY LUBRICATION METHODS

An emergency gearbox lubrication system should be light-
weight, simple in design, and provide sufficient lubrication to

allow a pilot adequate time to land an aircraft. A vapor/mist phase

lubrication (VMPL) system meets these conditions. The concept
for VMPL involves the delivery of organic molecules, via a car-

rier gas such as air, to rubbing components such as ball bearings

or gear teeth (figure I ). At the rubbing surfaces, several things
can happen depending on the chemical nature of the organic mol-

ecules. For example, a lubricious graphitic deposit can be gener-

ated at rubbing surfaces if a hydrocarbon gas, such as ethane, is

delivered in a nitrogen cartier gas. Lauer et al., 1990, have con-

ducted numerous studies on this gaseous breakdown method.

Another method studied by Wedeven, 1996, involves the vapor

delivery of a perfluoroether liquid to rubbing surfaces using a
nitrogen or air carrier. The perfluoroether vapor condenses on

Non-Combustible _-_

Gas 7 1_2 ] Mistor__--_O .no
Simple t "!_ I -[phosphate[ t'_t

"Y%ca2°n

Air

Figure 1._Compadson of possible emergency
lubrication systems.

surfaces resulting in a thin lubricating film. The reactive vapor/
mist phase method described by Graham and Klaus, 1985,

consists of the delivery of organophosphate molecules, either as

a vapor or a fine mist in an air carrier, to rubbing surfaces where

they react with surface metal generating a metal phosphate/

pyrophosphate lubricating deposit. This is similar to the mist

delivery of synthetic lubricant used in this baseline study•

Each of these methods (figure. 1) has its pros and cons. For the

gaseous breakdown method a simple hydrocarbon gas is used,

but the aircraft must carry cylinders of compressed hydrocarbon

gas and nitrogen. The nitrogen cartier is needed to avoid combus-

tion of the hydrocarbon gas. In addition, the load carrying capac-
ity of the graphitic material is not high. All that is required for the

vapor condensation method is a heat source to vaporize the

perfluoroether liquid. However, the perfluoroether has a high

boiling point (it takes time to raise its temperature), it is very

expensive, and can cause severe corrosion problems. Of the three

methods, the reactive VMPL method closely meets the require-

ments for an emergency backup lubrication system. Compressed

air can be used to immediately activate a small misting unit con-
taining a liquid organophosphate. The compressed air, contain-

ing the mist, can then be directed to an oil depleted gearbox. The
organophosphate molecules react with the gear teeth surfaces to

form a lubricious deposit possessing excellent load carrying

capacity. Continued reaction, however, of the organophosaphate
with gear teeth will eventually lead to surface wear.

DESCRIPTION OF TEST FACILITY

Gear Rig: The facility used to conduct the tests reported

herein were conducted in the NASA Glenn Spur Gear Fatigue

Rig described by Townsend, 1991. The facility, shown in figure

2, is a closed-loop torque-regenerative facility. Torque in the sys-
tem is achieved using high pressure oil, the same oil as used to

lubricate the gears, inside one of the slave gears that rotates the

r Slave-system

Oil-se_ gas flow 7......._ 1 oil inlet

V _ _- Drive
iewingp°rtT_j_ _ . L_L_ _ shaft_

Test-gear cover= _" / lJ_,_,, gears! "-._ :-Shaft

....... _! , oil seal

lubricant.[-/ \ _ _ _

." . :_; \_- Slave gear

=-_rast-lu_ncant

outlet temperature _

measurement Iocati

Figure 2.---Spur gear fatigue rig used for conducting tests.
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TABLE I.--SPUR GEAR DATA

[Gear tolerance per AGMA class 12.]

Number of teeth ......................................... 28

Diametral pitch ............................................. 8

Circular pitch, mm (in.) ............... 9.975 (0.3927)

Whole depth, mm (in.) ................... 7.62 (0.300)

Addendum, mm (in.) ...................... 3.18 (0.125)

Chordal tooth thickness

(reference), mm (in.) .................. 4.85 (0.191)

Pressure angle, deg ................................... 20

Pitch diameter, mm (in.) ............... 88.90 (3.500)

Outside diameter, mm (in.) ........... 95.25 (3.750)

gear relative to the shaft that positions it. The relative motion of

the gear to the shaft controls the magnitude of torque in the closed-

loop system.

The test gears were installed such that approximately one-half of

the gear tooth face width was under load. By conducting the tests

in this manner, a high amount of contact load is applied and up

to twice as many tests could be run using the same set of gears

(four instead of two tests). The facility has typically been used

for fatigue testing using a Hertizian contact stress of 1.7 GPa

(248 ksi). The facility when operated at this level of load and at

10 000 rpm transmits 75 kW ( 100 hp) in the closed-loop.

The gears utilized for the tests reported herein were the same

design as that used for conducting gear fatigue tests (table I). The

gears were made from AIS19310 gear steel. All gears tested were

randomly selected from a single manufacturing lot. The lubricant

used for all of the normal operation of gearbox, the high pressure

oil of the closed-loop torque actuator, and for the mist lubrication

was a synthetic paraffinic oil with a extreme pressure additive

(5 vol %: phosphorous, 0. 03 vol %, sulfur, 0.93 vol %).

During the initial operational mode before conducting a loss-of-

lubrication test, a single 0.51 mm (0.020 in.) lubricating jet

impinged on the gear teeth just prior to going into mesh. Modifi-

cations to the lubrication system for the oil-off and vapor/mist

lubrication tests are shown in figure 3. A pair of valves would be

manually operated to go from normal to the loss-of-lubrication

condition. When the system was operated in the loss-of-lubrica-

tion mode, the outlet of the gearbox from the test gears was

attached to the facility ventilation.

Nearly all the test to be described in this report were attained

after the gears were first worn-in (operation at reduced load for at

least one hour at 10 000 rpm), then further run at full conditions

for at least another hour prior to making adjustments in the load

for the test to be run. Steady state conditions were attained in

each test prior to altering the lubrication arrangements for the test

to be run.

  u ncantIShop air pressure reservoir
(120 psi) II-- j I regulator for mist

system
Lubricant

[_J /supply valve

lubricant I

reservoir I

T.

I IThermocouple to

• | ]measure gearbox
Test "J'"'Jinternal temperature

gearbox / I(fling'°_

Lubricantretum valve

[ Separator I'_]_1 Vent for vapors I

Figure 3.---Schematic of lubrication system.

The principal sensor was a thermocouple at the out of mesh posi-

tion (so called fling-off temperature t. Data was recorded with a

laboratory computer, usually at 30 second intervals. Other

indicators such as the vibration and noise levels were observed

but are not reported in this study.

As mentioned earlier, the facility torque is applied by applying

high-pressure oil to load vanes inside one of the slave gears. The

torque applied had nearly a linear relationship over the load

pressure range of 0.34 to 1.72 MPa (50 to 250 psi). This was

verified by a static torque calibration performed before the test

program. For the full loading pressure of 1.72 MPa (250 psi) a

torque of -71.9 N°m (53 ftolbt is applied. At this torque using

half face width engagement of the teeth results in the maximum

contact stress of 1.7 GPa (248 ksi).

Surface Analysis: At the end of one particular test run (60 per-

cent of full torque test with mist lubrication applied), a randomly

selected tooth was removed from the driver spur gear. The tooth

was rinsed with ethanol and dried under a nitrogen gas stream.

The gear tooth surface was then analyzed using X-ray photoelec-

tron spectroscopy (XPS). The XPS spectra were acquired on a

commercial spectrometer operated at 100 eV pass energy The

sample surface was perpendicular to the spectrometer axis and

the spectrometer acceptance angle was +6 ° . Nonmono-

chromatized, A1 K-alpha x-rays were used. The areas of peaks in

the spectra were calculated by subtracting a Shirley background,

and the composition of the specimen surface was calculated from

the areas by applying sensitivity factors supplied by the instru-

ment manufacturer. Depth profiling of surface films was not

attempted in this study.
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TEST RESULTS

Temperature Results: The first series of test that were con-

ducted were to find the normal operational characteristics of the

test gearbox over a wide range of operational conditions. The

lubricant flow conditions used during these tests were 0.69 MPa

(100 psig) lubricating jet pressure, oil inlet temperature of
38 ° - 5 °C (100 ° + l0 ° F). The results from these initial tests are

shown in figure 4. In figure 4, the temperature differential

(outlet-inlet temperatures) increases slightly with load, but was

affected more by the shaft speed. All tests reported with loss-of-

lubrication reported herein were conducted at 10 000 rpm. This
results in a pitch line velocity of 46.6 m/s (9163 ft/nfin) for the

gears.

The second series of tests to be described are shown in

figure 5. These tests were run at 1.03 MPa (150 psi) load pressure
that results in a maximum contact stress of 1.32 GPa (192 ksi).

The lubricating mist system had 0.41MPa (60 psig) shop air

applied for all tests conducted in this study. The flow rate of the

mist was measured to be 2.0×10 -4 cm3/sec (3x10 -6 gpm). The

results of these three tests are shown in figure 5. The "dry sur-

face" test gears failed within eight minutes. The term "dry gears"

means that the gears were only wetted with lubricant prior to
installation. The other two curves show the out of mesh

temperature after the lubricating flow was switched either to off

or to the mist system. The mist test showed an initial temperature

increase beyond that of the oil-offno-mist test. However, the fling-

off temperature decreased and ratcheted up and down several times
during the test.

The next set of data shown in figure 6 demonstrates the

effect of load on fling-off temperature. The data for all three tests

followed similar increases for approximately the first 15 minutes.

At this point the highest loaded case dropped in fling-off tem-
perature. The same effect was shown in the other tests at reduced

load but at longer elapsed time. While all tests were not run to the

same length of oil mist lubricating time, some interesting occur-

500,

' t'

4oot _ _P_ _200
o I z ,b / _"

3o0! 15o

.........  ,00
,[ -_ Oil-off then mist fed RL-714 lube

o Oil-off no mist lube

I _ Oil-off then air jet 5O
100 _

0 20 40 60 80

Elapsed time of test (min)

Figure 7.--Effect of lubrication conditions on temperature
at 1.71 GPa (248 ksi) Hertizian contact stress.
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rences took place. At the highest load the temperature stabilized

and operated in that fashion for about 30 minutes. The medium
load test showed a dramatic decrease in temperature after about

50 minutes of operation. It was considered that the drop in tem-

perature might be caused by a reduction in running torque. This
was possible because the test rig loading mechanism has limited

travel and operates properly only for a limited amount of back-

lash. If the test gears were excessively worn, the torque would be

reduced. To check this possibility, near the end of the test the

hydraulic pressure to the load mechanism was increased to the
maximum setting, but the temperature did not increase. There-

fore, the drop in temperature for the medium load case was caused

by a reduction of running torque.

The final test data to be presented are shown in figure 7. All data

of figure 7 were conducted at 10 000 rpm and at full load

( 1.7 GPa (248 ksi) Hertzian contact stress). The effect of no-mist,

mist, and only air feeding the jet are shown. As can be seen from

this figure, the system ran the best without any mist being sup-
plied. In this case the gears ran without the aid of the mist lubri-

cation and relied on the gear oil that remained in the gearbox case

after the principal lubricating system was shut off. For the mist

fed arrangement, temperature initially went up and was followed

by a period of time where the mist and no-mist were alike. The

poorest situation is when the air jet was impinged on the gear
mesh without the mist. In this arrangement failure of the gear set

was reached after 20 minutes.

XPS Results: The gear tooth surface under XPS analysis con-
sisted of two halves. One half was the worn flank that carried the

gear load and visually appeared to have a great deal of scoring
and metal removal. The other half was the unworn flank that

carried no load and visually appeared coated with a dark deposit.

Figure 8(a) is the XPS spectrum of the worn area of the gear

tooth flank. Substantial quantities of iron (3.9 percent), oxygen

(20.5 percent), carbon (72.3 percent) and silicon (2.2 percent)

were detected. Figure 8(b) is the XPS spectrum of the unworn

portion of the tooth flank. In addition to the detection of oxygen

(10. 5 percent), carbon (85.7 percent) and silicon (2.2 percent),

a small quantity of iron (0.4 percent) was detected.

A knife-edge was use to scrape off a small amount of deposit

from the unworn flank of the gear tooth. This material was spread

onto an aluminum (99.99 percent pure) foil. This material was

then analyzed using XPS. The spectrum revealed the presence of

oxygen (3.3 percent), carbon (94.6 percent), silicon (0.7 percent)
and the aluminum background source.

DISCUSSION

The results attained in the prior section will now be discussed

with the aid of photographic data taken after the tests. A sum-

mary of these results follows.

Lubrication in Starved Environment: The first item to be dis-

cussed is the possible mechanisms that are occurring that would
lead to a substantial temperature drop once the normal fully

lubricated condition has been altered. As was seen in figures 5 to

7, the temperature decreased after peaking at some elevated temp-

erature. As has been described by others (Anderson and

Loewenthal, 1980; Anderson et al., 1984: Coy et al., 1985:
Handschuh and Rohn, 1988; Krantz and Handschuh, 1990:

Handschuh and Kicher, 1996), the heat generation of meshing

gears is principally due to the relative sliding. If the relative slid-

ing is not altered, and if the shaft speed and load remain constant,

then the only other possible mechanism to explain the tempera-

ture decrease is a decreasing coefficient of friction. Even though

the mist flow rate was very low, the interacting surfaces and the

combination of pressure and temperature caused a carbonaceous

layer to form that resulted in a decrease of the heat being gener-

ated and thereby a decease of the temperature measured at the

fling-off location. During these tests, as will be seen from the

photographs to be discussed, the surface geometry was altered.

However, the effect of gear geometry on the magnitude of heat

generation should be minimal.

NASA/TM--2000-209954 5



Figure 9.mPost test photograph after operation
at 100% torque, 10 000 RPM, and mist lubri-
cated after primary lubrication termination.

Figure 11 .--Post test photograph at 100%
torque, 10 000 RPM, and air jet only after
primary lubrication termination.

Figure 10.--Post test photograph after operation
at 100% torque, 10 000 RPM, and no mist lubri-
cated after primary lubrication termination.

The effect of load on the fling-off temperature was shown in

figure 6. The sudden decrease in temperature (friction) was

established at a lower fling-off temperature. Therefore, the

imposed load directly affected the onset of the formation of the

friction reducing carbonaceous layer.

Photographic Post-Test Evaluation: The photographs to be

examined were all from the same gear set used during the test

program. Three separate tests were conducted on this same set of

gears. The following figures 9 to 11 were tested in the sequence

presented in this study. This gear is the one used in the tempera-
ture results presented in figure 7. The first test was an lubricant

off then mist fed (figure 9). The surface is severely worn. How-

ever, a carbonaceous deposit can be seen on the portion of the

gear flank where no surface interaction has taken place. This pho-
tograph is similar to others taken, in that the major wear is near

the tip and root of the gear flanks and a minimum of wear is at the
pitch line.

Figure 10 is the post-test photograph of the driven gear operated

with the lubrication shut off and no mist lubrication present. Only
the residual lubricant that is normally in the gearbox

between inlet and exit was present. This amount of fluid was found

by measurement to be -33 ml (0.009 gal). As can be seen from

the photograph, the surface experienced a minimal amount of wear

and would have been able to continue operation. This test begs

the question, why did this arrangement work better than the sys-

tem where the misted lubricant was permitted to flow, even at a

NASA/TM--2000-209954 6



greatlyreducedamount?Thiscanbeatleastpartiallyunderstood
byexaminationofthenextphotograph.

Infigure1i thegearsetwasexposedtolubricantoff conditions
withonlyairbeingfedtothejetatthesamepressureusedwhen
lubricantwasaddedtotheairstream.Thephotographshowsthe
severewearthatoccurred.Notethereis nocarbonaceous
depositanywhereontheunloadedportionofthegeartoothflank
ashadbeenseenin theotherphotographs.As wasseenin
figure7,thetemperaturereachedaveryhighvalueinarelatively
shortamountoftime.Thereforethelubricantthatwasinitiallyin
thegearboxwaspushedoutthelubricantdrainfromthegearbox
duetothepresenceof theairjet.Whentheairormistjet was
appliedthroughthelubricatingjet,theresidualoil presentwas
reduced.If theoil-offtestwithoutairoroilmisthadbeenpermit-
tedto operatefor anextendedperiod,untildepletionof the
residualoil,thegearswouldhaveeventuallyfollowedthesame
patternastheothers,andseverewearwouldhaveeventually
occurred.

XSP Discussion: Comparison of the XPS spectra indicates a sub-

stantial carbonaceous deposit (containing oxygen) formed on the

surface of the unworn half of the gear tooth. This is evident by the
detection of the small amount of iron on the unworn tooth surface

and total absence in the scraped deposit. While iron is clearly
detected on the worn surface, the carbonaceous material is also

detected. One can suggest that at elevated temperatures, gear oil

droplets are adsorbed on the gear teeth and decompose to a lubri-

cious, carbonaceous deposit. This deposit would then be continu-

ally worn away and reformed during operation.

CONCLUSIONS

A baseline study has been conducted to investigate the effect

of lubrication starvation on the perfornlance of a single-mesh spur

gearbox that has components made to aerospace tolerances. A

reactive vapor/mist lubrication method was described and pro-

posed as a candidate emergency lubrication system. The conclu-

sions that can be drawn from experiments of this study are the

following:

1. Operation with primary lubrication system failure can be

long, provided a sufficient amount of lubricant continues

to impinge on the gear surfaces whether due to the wind-

age of the residual oil in the gearbox or by misting jet.

2. A friction reducing mechanism is formed due to the

lubricious carbonaceous deposit at the meshing surfaces.

The onset of this deposit and the resultant reduction in

heat generation (friction) is affected by the amount of load

being transmitted.
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